Abstract. Pelargonium ×hortorum Bailey 'Pinto Red' plants were fertilized with equal amounts of N, P, and K derived from: 1) 100% constant liquid fertilization (CLF); 2) 50% CLF plus 50% controlled-release fertilizer (CRF); or 3) 100% CRF per pot and irrigated using hand (HD), microtube (MT), ebb-and-flow (EF), or capillary mat (CM) irrigation systems. The treatment receiving 100% CRF produced greater total dry weights, and released lower concentrations of NO 3 -N, NH 4 -N, and PO 4 -P in the run-off than the 100% CLF treatment. The percentage of N lost as run-off was greatly reduced with the use of CRF. MT irrigation produced the greatest plant growth and HD irrigation produced the least. The EF system was the most water efficient, with only 4.7% of water lost as run-off. Combining the water-efficient EF system with the nutrient-efficient CRF produced the greatest percentage of N retained by plants and medium (90.7) and the lowest percentage of N lost in the run-off (1.7).
by use of recirculated irrigation water and capillary mats.
Microtube irrigation systems, also referred to as trickle or drip irrigation, are used in containerized or field crop production. Rathier and Frink (1989) found that containerized juniper and spruce that received trickle irrigation used less water and released run-off with a lower N concentration than those receiving overhead sprinkler irrigation, while N loading to the soil and N loss due to leaching were decreased. For greenhouse production, microtube irrigation caused more water to be retained in the medium and produced plants with the greatest dry weight compared to capillary mats, ebb-and-flow, and hand-irrigation (Dole et al., 1994) . Yelanich and Biernbaum (1990) stated that a 10% to 15% leaching fraction (LF) is recommended for overhead watering, but noted that some growers leach in excess of 40% to 50% (LF). Dole et al. (1994) found that handirrigation produced higher quality plants only at a higher fertilizer rate than other systems. For example, hand-irrigation produced plants with greater dry weight at 250 mg·L -1 N than at 175 mg·L -1 N, with a greater volume of runoff than microtube irrigation (Dole et al., 1994) . The objectives of this study were to determine the effect of fertilizer source and irrigation method on plant growth, water and nutrient run-off, and N balance of potted geraniums.
Materials and Methods
Commercially-grown Pelargonium ×hortorum 'Pinto Red' seedling plugs (Jolly Farmer, East Lempster, N.H.) were planted three per 15-cm-diameter (1270-mL) azalea pot on 8 May 1993 and 3 Feb. 1994 using 3 peat moss : 1 perlite : 1 vermiculite medium (by volume) amended with 6.87 g/pot dolomite and 2.86 g/pot micronutrient mix (Micromax; Grace-Sierra, Milpitas, Calif.). The medium had 80.0% porosity, 70.2% total water-holding capacity, 48.0% available water, and 22.2% unavailable water, based on medium that was initially oven-dried. Plants were grown in a corrugated polycarbonatecovered greenhouse with an average air temperature of 29.8 °C day/19.7 °C night and maximum photosynthetic photon flux (PPF) of 1310 µmol·m -2 ·s -1 in year 1, and 23.9 °C day/18.1 °C night and 833 µmol·m -2 ·s -1 in year 2. Standard disease and insect control procedures were followed (White, 1993) .
Plants were spaced 38 × 38 cm on containerized benches, irrigated and fertilized with one of three treatments: 1) 100% CLF consisting of 260 mg·L -1 N, Greenhouse container crop production is limited by the amount of nutrients and water available to the plant from a small volume of growing medium held within the containers. This limitation leads to frequent irrigation and fertilization compared to plants grown in the field without container restriction. Intense irrigation and fertilization may cause contamination of ground and surface water sources. Irrigation practices that conserve water and fertilizer also reduce the potential of contaminating water sources. However, more conservative cultural practices might reduce plant quality, and subsequently, profit.
The type and method of fertilizer application influence the release of nutrients and their concentrations in run-off water. Two types of fertilizer are typically used in greenhouse crop production: constant liquid fertilizer (CLF) and controlled-release fertilizer (CRF). Production of plants with CLF relies on porous medium which may result in excessive leaching and unacceptable quantity of nitrates lost (Conover and Poole, 1992) . CRF is known to decrease N run-off and increase N retention by the crop (Cox, 1985) . Conover and Poole (1992) found no significant differences in plant height, quality, or median electrical conductivity (EC) for plants grown with either CRF or CLF in an ebb-and-flow system; however, foliage plants grown with CRF used more water than those grown with CLF. Hershey and Paul (1982) found that N loss ranged from 12% to 23% for CRF, while N loss for CLF was 12% to 48%. Rathier and Frink (1989) found that CRF could be more efficient if applied in split applications, which could preclude high initial N release and high N concentrations in leachate. Stewart et al. (1981) found that N concentration in leachate was significantly lower for CRF than for CLF containing either ammonium sulfate or calcium nitrate.
Several studies have indicated that high quality plants can be grown using subirrigation systems. Yelanich and Biernbaum (1990) found that subirrigated plants were of acceptable quality and noted that the excessive amount of run-off produced in greenhouse production could be controlled by decreasing the amount of water and fertilizer applied at each irrigation or by changing to a subirrigated system with recirculated water and fertilizer solutions. When compared to overhead irrigation, ebb-and-flow produced higher quality plants (Conover and Poole, 1992; Dole et al., 1994) . Ebb-and-flow irrigation using 175 mg·L -1 N produced poinsettias with the greatest total dry weight per liter of water applied, when compared to capillary mats, hand-irrigation, and microtube (Dole et al., 1994) . Capillary mat subirrigation used the highest amount of water and released the greatest amount of run-off when compared to ebb-and-flow, hand-irrigation, and microtube irrigation (Dole et al., 1994) . Alleman and Weiler (1994) noted that water efficiency was significantly increased 10.65 g CRF (Osmocote 14-14-14) per pot and irrigated with unamended water. Fertilizer amounts were calculated to provide equal amounts of NH 4 -N, NO 3 -N, PO 4 -P, and K per fertilizer treatment. Rates were based on 12 irrigations with fertilizer solution, three leachings with unamended water, 70% release of CRF (estimated percentage of nutrient release over duration of experiment), and 330 mL of water retained by the growing medium per pot. Unamended irrigation water had an average pH of 7.6 and electrical conductivity (EC) of 0.44 dS·m -1 . To determine the target irrigation weight, 18 additional plugs were planted in six pots as described above, watered, and allowed to dry to the point at which wilting was first observed. At that time, the weight of the entire plant, pot, and medium was recorded. The plants were watered to saturation and weighed again to determine container capacity. Target irrigation weights were calculated as follows: [(Container capacity weight -wilting point container weight) (0.40)] + wilting point container weight = the total container weight at 40% available moisture. The target test plant weight was obtained by averaging the weights of the six geranium pots at 40% available moisture. One previously selected test plant from each replication was weighed daily. Each replication was irrigated when the test plant was at or below the target irrigation weight. For each irrigation with the recirculating EF system, water was contained in a covered tank, pumped to the containerized bench top, held for 12 min to allow uptake by growing medium, and drained back into the tank. This system released run-off only from periodic leachings with unamended water; the bench was unplugged, allowing the excess water to flow from the bench top rather than into the tank. The tanks were filled to capacity with the appropriate fertilizer solution periodically and at the end of the growing season to determine the amount of water applied. The MT and HD irrigation treatments had a 0.3-0.5 leaching fraction and were irrigated by applying 17.0 L/ min water for 2 s per pot for HD and 45 s per bench for MT. The CM treatment was irrigated by applying 17.0 L/min water for 60 s to the mat, allowing the mat and plants to take up water for 15 min, then draining the excess water from the mat by draping one edge of the mat over the edge of the bench for 15 min. The run-off water was collected in a trough that hung from the edge of the bench and was slanted slightly downward toward a bucket. The run-off from other treatments and leachings was collected from a drain under each bench, and measured. The exact amount of water applied at each irrigation was determined with a flow meter (Electronic Digital Meter; Great Plains Industries, Wichita, Kans.) installed in the water line.
All pots were leached from the top every fifth irrigation with unamended water for 2 s per pot at a flow rate of 17.0 L/min. The CM mats were also leached an additional 15 s every fifth irrigation and drained to reduce soluble salt concentration in the mats.
The following data were recorded daily: container weight of test plant (to determine irrigation frequency), amount of water applied, irrigation number, and amount of runoff. For all treatments, applied fertilizer solution and run-off water samples were collected for each irrigation. Samples were stored at 4.4 °C until analyzed for pH (Fisher Accumet pH Meter; Fisher Scientific, Pittsburgh), electrical conductivity (EC) (Solu-bridge; Beckman Instruments, Cedar Grove, N.J.), NH 4 -N (Harwood and Kuhn, 1970) , NO 3 -N (cadmium reduction method, Page et al., 1982) , and PO 4 -P (hydroquinone method, Olsen and Sommers, 1982) . Plants were harvested when all treatments received 15 irrigations (29 June 1993 and 19 Mar. to 17 Apr. 1994 ) and the following data were collected for each pot: date of anthesis, plant height, plant diameter (average of measurements taken at widest point and perpendicular to the first), quality rating (1 to 5 scale, 1 = poorest and 5 = best salable quality), and number of inflorescences (1993 only). Plant growth index was calculated as (plant height + plant diameter)/2.
The geranium shoots were removed at medium level, dried at 65 °C for 5 d, and weighed. Shoot tissue was combined into one sample per replication, ground to pass through a 917-µm screen (20 mesh), and stored in air tight containers until analyzed for N by the macro Kjeldahl method (Horowitz, 1980) , PO 4 -P colorimetrically (Olsen and Sommers, 1982) , and Ca, Fe, K, Mg, Mn, and Zn (ashing method, Isaac and Johnson, 1975) by atomic absorption spectroscopy (model 2380; PerkinElmer, Norwalk, Conn.). The roots of 10 plants per replication were washed, dried at 65 °C for 5d, and weighed. Roots were combined into one sample per replication, ground, stored, and nutrient content analyzed as described above. The remaining six root balls were left intact, dried at 65 °C for 5d, then weighed to determine the amount of medium remaining in root balls.
Medium samples were collected as a 1.5-cm diameter vertical core of medium from the top to the bottom of each root ball, and combined by replication. Medium samples were allowed to air dry and prepared for analysis using a 1 medium : 2 deionized water (v/v) ratio. The samples were allowed to equilibrate for 30 min, and pH and EC were recorded. Medium samples were also analyzed for N (Horowitz, 1980 ) using a saturated medium extract. All sixteen containers (without medium) from each replication were stacked and placed in 5 L of deionized water and allowed to equilibrate for 24 h. The containers were removed and the resulting solution was analyzed for NH 4 -N and NO 3 -N.
Samples of each capillary mat were taken from three randomly selected areas on each mat. Three 13-cm 2 samples from each mat were placed in 500 mL of deionized water and allowed to equilibrate for 24 h. The mat samples were removed, and the resulting solution was analyzed for pH, EC, NH 4 -N, and NO 3 -N.
Growing medium, capillary mat, and geranium plug samples were collected prior to the experiment to provide initial nutrient data for N balance. The medium samples were dried and analyzed as described above to determine the initial pH, EC, and N of the medium. Ten geranium plugs were collected, separated into shoots or roots plus medium, dried, ground, and stored as described above. The geranium plug samples were analyzed for Ca, Fe, K, Mg, Mn, N, PO 4 -P, and Zn to determine the initial nutrient content of the geranium shoots and roots plus medium.
The experimental design consisted of a completely randomized four by three factorial with four irrigation systems, three fertilizer treatments, three replications (benches), and 16 subsamples (pots)/replication. Data were analyzed by the general linear model procedure and means separation by least significant difference (LSD) (SAS Institute, Cary, N.C.).
Results and Discussion
Fertilizer source. Supplying the nutrition as 100% CRF not only increased total dry weight and number of inflorescences compared to 100% CLF, but also decreased run-off EC, NO 3 -N, NH 4 -N, and PO 4 -P (Tables 1-3 ). Increased growth of CRF-fertilized plants was not due to higher tissue nutrient levels as shoot and root N and P content of 100% CRFfertilized plants were similar to or lower than that of CLF-fertilized plants (Table 5 ). No differences in root and shoot Fe, Ca, K, Mg, and Zn content were noted due to fertilizer treatment or to irrigation method (data not presented). Final media pH increased slightly as the proportion of CLF increased, but probably not enough to result in the differences in plant growth noted (Table 2) . While final medium EC was not affected by fertilizer source, average run-off EC was highest with the 100% CLF treatment regardless of irrigation method (Tables 2 and 3 ). In particular, the run-off EC of the first five irrigations averaged 3.0 dS·m -1 for 100% CLF, 1.9 dS·m -1 for 50%CLF/50%CRF and 1. Percentage of N lost through leaching averaged from 1.7% to 19.8% for the 100% CRF treatment; however, 27.5% to 45.7% of N was leached for the 100% CLF treatments (Table  4) . Similarly, Hershey and Paul (1982) found that N loss ranged from 12% to 23% for CRF but averaged higher, up to 48%, for CLF. Broschat (1995) , Cox (1985) , Hershey and Paul (1982) , and Stewart et al. (1981) also found that N concentration in leachate was significantly lower for CRF than for CLF. In the current study, CLF moved through the medium and a portion was released directly as run-off. Average run-off EC, NO 3 -N, NH 4 -N, and PO 4 -P was highest with the 100% CLF treatments regardless of irrigation method (Table 3) . However, the CRF nutrients were released by the moisture in the medium into the root zone nutrient solution, lowering the amount of nutrients actually flushed from the container.
While amount of N retained by the crop (plant, medium, and pots) was not influenced by fertilizer type, percentage of N retained by the crop significantly increased with the use of CRF (Table 4 ). The percentage of N retained by treatments fertilized with 100% CRF ranged from 72.0% to 90.7%, while the 100% CLF treatments retained only 40.0% to 69.8% of the applied N. The majority of the N retained was held by the medium with the percent of N retained by the medium increasing with the percent CRF. Shoot N comprised only 8.9% to 21.5% of the total N applied; similarly, Ku and Hershey (1997) determined that shoot N comprised 19% of total N applied for poinsettias (Euphorbia pulcherrima Willd. Ex Klotzsch.) irrigated with a 0.4 leaching fraction. Ganmore- Neumann and Hagiladi (1992) noted that an average of 23% of total N applied to geraniums was retained by the shoots of plants irrigated with 200 mg·L -1 N. The amount of N adsorbed to the plastic container was insignificant compared to other N sinks (Table 4) , which is in agreement with Stewart et al. (1981) .
Percentage of the applied N recovered (N runoff and retained) ranged from 84.1% to 101.8% (Table 4) . Similarly, Cox (1985) reported that 93.6% of total N applied was recovered from geraniums fertilized with 14N-6.2P-11.6K CRF and Stewart et al. (1981) obtained 90.3% from potted privets fertigated with 200 mg·L -1 N. Ku and Hershey (1997) obtained a lower recovery rate of 73.9% to 88.8% N from potted poinsettias. For treatments where <100% of N applied was recovered, unrecovered N could have been due to volatilization or denitrification (Cox, 1985; Stewart et al., 1981) . One treatment, 50% CLF/50% CRF-MT, yielded a N recovery rate >100% which could have been due to differences in the calculated and actual nutrient release of the CRF and differences in the calculated N rate and actual N rate applied by the fertilizer injector. Ganmore-Neumann and Hagiladi (1992) also appeared to have obtained a N recovery rate >100% for one of their treatments but did not explain the result.
Shoot and root concentrations of N and P were generally lower for plants irrigated with 100% CRF and shoot N concentration for CRF-fertilized plants was below the tissue N level of 33 to 48 noted as adequate by Mills and Jones (1996) (Table 5 ). However, total dry weight and inflorescence number was higher for 100% CRF fertilized plants than for 100% CLF-fertilized plants and growth index and quality rating were not affected (Tables 1 and  2 , quality rating not presented). All other nutrient levels were sufficient (Dole and Wilkins, 1999; Mills and Jones, 1996) . Apparently, the tissue contained sufficient N for growth and the recommended rates of Mills and Jones NS, *, **, *** Nonsignificant or significant at P < 0.05, 0.01, and 0.001, respectively. (1996) may reflect optimum rather than minimum shoot N levels. Irrigation system. Although all irrigation systems produced similar plant quality ratings (data not presented), significant differences existed in growth index, inflorescence number, dry weight, water use, and run-off (Tables 1, 2 , and 3). In both years, HD irrigation produced the smallest plants with the lowest growth index and root dry weight (Tables 1 and 2 ). Shoot and total dry weights of HD-and CM-irrigated plants were similar, but lower than MT-irrigated plants (Tables 1  and 2 ). Hand irrigation may have produced smaller plants due to touching the plants with the nozzle during irrigation and due to compaction and loss of media (Baden and Latimer, 1992; Dole et al., 1994; Hammer et al., 1974; Turgeon and Webb, 1971) . In contrast, Argo and Biernbaum (1995) found no differences in shoot growth between top and subirrigated poinsettias. In their study, however, Argo and Biernbaum (1995) poured a premeasured amount of water on the media surface, which may have caused less disturbance to the shoot as compared to irrigation with a hose and nozzle, which is normally used in commercial hand-irrigation.
The MT irrigation system produced plants with the greatest inflorescence number, and shoot, root, and total dry weight; used the least amount of water; and released slightly more run-off than HD irrigation (Tables 1-3 ). Most importantly, the total amount of N and the percent retained N in the shoots was also greatest for MT irrigation except for 50% CLF/50% CRF-HD and EF (Table 4) . The low amount of run-off may have been due to high water retention as Dole et al. (1994) found that medium water retention in MT-irrigated containers was greater than those irrigated with HD or CM systems.
The CM irrigation system used the greatest amount of water and released the greatest amount of run-off (Table 3 ). The 100% CLF-CM treatment had the greatest run-off EC of any treatment. The amount of nutrients lost as run-off from the 100% CLF-CM treatment was much greater than from all other treatments (Table 4) , which is in agreement with the findings of Dole et al. (1994) . Due to high runoff, the 100% CLF-CM treatment also had the lowest percent N retained and highest percent N lost through run-off (Tables 3 and  4) . Using 100% CRF, however, greatly increased the percentage of N retained.
In our study, the large amount of water required by the CM system was attributed to evaporation from the mats, accentuated by high light intensity and high temperatures. Biernbaum (1994, 1995) found that 33% to 60% of total water lost from container-grown poinsettias and 35% from container-grown Easter lilies (Lilium longiflorum Thunb.) was caused by evaporation from just the medium surface. The addition of the mat extended the area of evaporation and increased the percent of water lost. In contrast, Alleman and Weiler (1994) found that water efficiency was significantly improved by use of capillary mat systems in New York state, where light intensity and temperatures were lower than in Oklahoma.
The EF irrigation system produced plants with greater total dry weight than HD and CM irrigation in year 2 and lost only 4.7% of applied water as run-off (Tables 2 and 3 ). The EC and NO 3 -N, NH 4 -N, and PO 4 -P concentrations in the run-off were lower with all EF fertilizer treatments than with those of the other irrigation systems, because the only run-off released from the EF system was from leachings of unamended water (Table  3) . Because of the reduced run-off with EF irrigation, the potential for groundwater contamination was greatly reduced. Subirrigation produced plants with similar quality to top irrigation, while using less fertilizer (Barrett, 1991; Klock-Moore and Broschat, 1999; Molitor, 1990; Nelson, 1998) . The highest percentage of N retained and the lowest percentage of N lost to run-off was with EF irrigation and 100% CRF (Table 4) . KlockMoore and Broschat (1999) also noted that subirrigation reduced NO 3 -N leached.
In summary, the nutrient efficiency (retention) of greenhouse irrigation systems was increased if 50% or 100% of fertilizer was supplied by CRF. Fertilizing with 100% CLF caused higher concentrations of nutrients to be released to the environment with no increase in growth or quality. The nutrient retention of CRF was greatly increased with the use of EF irrigation, which produced large, high quality plants and released small volumes of run-off with low nutrient content. By using water-efficient irrigation systems together with nutrient-efficient fertilizer sources, the potential for ground and surface water contamination could be greatly reduced.
